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Three-Layer 1.3 pm Inl-xGaxAsYP1-Y  Lasers with 
Quaternary  Confining  Layers 
FRANCISCO C .  PRINCE, NAVIN B. PATEL, SHIH-LIN CHANG, AND DOUGLAS J. BULL 
Abspuct-Improvements in the surface morphology of InCaAsP DH 
wafers  were obtained with addition of small amounts of Ga and As in 
the confining layers. This method was used to improve interface flat- 
ness between active and confining layers, consequently improving Wafs 
yield and reproducibility. Three-dimensional lattice-mismatch data 
of the confining layers, were determined in detail using simultaneous 
multiple Brag diffraction of X-rays. In all wafers tested, independent 
of the active layer thickness, the maximum threshold current density 
Jth was at most 60 percent higher than Jth minimum. The minimum 
normalized threshold current density obtained by us-3.4 kA/cm2 Hm- 
is to our knowledge the lowest reported to date. Low resistance 
contacts-differential series resistance of 1 to 2 51 for 10 pm Si02 stripe- 
geometry contact-can consistently be directly applied to the  top con- 
fining layer, thus dispensing with the need of a cap layer. CW operation 
at room  temperature has been achieved with these three-layer devices. 
T 
I. INTRODUCTION 
HE possibility of optical  communication systems for long 
distance and high capacity, together with the slow deg- 
radation rate of the In1-,Ga,AsyP1-,, devices, is the main 
force that drives this technology forward. To fabricate devices 
for such applications we need to be able to  produce wafers 
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with a high device yield and low threshold current density, 
with  a high degree of reproducibility. 
Optical scattering losses caused by small corrugations  at  the 
interfaces of the active layer of  a DH wafer can be responsible 
for  a considerable increase in  the  threshold  current  density  of 
a laser device, depending upon  the number  and  nature of the 
corrugations present within the device [I] .  This problem of 
imperfect morphology at the interfaces introduces an uncon- 
trolled variation in average threshold current density from 
wafer to wafer, and also a large scatter in the  threshold  current 
density of devices made from  a given wafer [ 11 . 
Attempts were made to improve the binary buffer layer 
morphology by varying the degree of supercooling and the 
cooling rate. Our observations suggest that the surface mor- 
phology of  the binary InP layers is influenced strongly  by  the 
substrate  orientation  and  phosphorous losses from  the  substrate 
during the preheating period. In contrast to this, very smooth 
layers are obtained with the quaternary In, -,Ga,As,,P, -, 
alloy, even when x and y are as low as 0.03 and 0.08, respec- 
tively. The results obtained  with laser  devices fabricated  from 
wafers with  quaternary confining layers are very encouraging: 
the devices  have low threshold  current  density, as low as 
1 kA/cm2, and the  threshold  scatter  around  the average  value 
is very  small.  Also, in  spite  of  the small  values of x andy, the 
quaternary confining layer permits a low resistance contact, 
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dispensing with  the necessity of a cap layer. CW operation  at 
room temperature has been achieved for lasers with  the SiOz 
stripe as narrow as 10 pm and an active layer thickness of 
0.1 pm. 
11. SURFACE MORPHOLOGY 
A. Epitaxial Growth 
The system used in the liquid phase epitaxy of the layers is 
a conventional horizontal system with a sliding graphite boat. 
The thickness of  the solutions are  of  the  order  of 0.5 cm and 
consist of 2  g of pure In mixed with suitable amounts of InP, 
InAs, GaAs, and dopants. No weight over the solutions was 
used. The substrates used were oriented  in  the (1 00) direction 
within 50.5 deg. The technique employed was the two-phase 
supercooled [2],  except when we were doing our initial char- 
acterization of the binary layers with different degrees of 
supercooling where, obviously, the supercooling technique 
was used [3]. A typical growth cycle for DH lasers with a 
quaternary confining layer is the following: the solutions of 
(In t InAs + InP + GaAs) are heated  at  660°C during a  four- 
hour period, for melt homogenization. Next, the substrate is 
put inside the boat and covered with a graphite plug. When 
p-type layers are grown, the zinc is added to the  solutions  at 
this time, to prevent melt contamination. After letting the 
temperature stabilize at  660°C again (typically 30 min), a 
cooling is initiated  with  a rate of 0.7"C/min. No meltback step 
is used. The growth of the first layer is carried out between 
650 and 635°C. At 635°C we grow the quaternary active 
layer. From  635  up to 623°C the top layer is grown. For all 
solutions, we have excess of InP, so at 660°C we have small 
pieces of InP floating on  the top of the  solutions. 
B. Morphology 
The interface flatness between the  buffer layer and  the  qua- 
ternary active layer plays an important role in the optical 
scattering losses of a laser device, as was pointed out in the 
GaAlAs laser system [l] . Thompson et al. [4] showed that 
a periodic variation of only 100 a in  the guide walls of a DH 
laser can introduce an extra optical loss of the order of 10 
cm-l. Also, according to  Nash [ 11 , this fluctuation can de- 
crease the wafer yield and reproducibility. 
When quaternary layers are grown under  the  conditions  de- 
scribed above, we have a smoothing out of any irregularity, 
such as pits, which may be present on the substrate surface 
before growth. This way, a uniform and smooth layer is ob- 
tained. Meltback is not necessary. Also, a considerable reduc- 
tion to complete elimination of terraces caused by misorien- 
tation of the substrate is achieved. Sometimes, similar results 
can be obtained  with binary layers, but  it is a random result, 
and can be attributed mainly to an exceptional  substrate 
orientation and low phosphorous losses from  the surface. This 
suggests that, if we were able to control  both these things, we 
would have the possibility of consistently achieving good 
morphology with binary InP layers. 
In Fig. 1 we compare the surface morphology under the 
Nomarski technique of several layers that  constitute  a DH laser 
system. Pictures A and B are binary buffer layers, while C is 
A 
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Fig. 1. Typical surface morphology for various layers that constitute a 
DH laser wafer. The layers to be compared were grown using condi- 
tions as similar as were possible. AU quaternay layers are lattice 
matched to InP. 
a  quaternary active layer over a  binary  buffer InP. Picture D is 
a binary Zn-doped top layer over a layer similar to C '. Pictures 
A' and B' are quaternary  buffer layers, C ' is a  quaternary active 
on  a  quaternary buffer layer, and D' is a  complete three-layer 
laser system with quaternary layers. All layers are lattice 
matched to InP. The wafers A', B', C', and D' have orienta- 
tions similar to those of  A, B, C, and D, respectively. There is 
a clear improvement in morphology when changing the con- 
fining layers from binary to quaternary. With the quaternary 
confining layers we can consistently obtain  a surface roughness 
of less than 100 a over the whole  wafer at all interfaces. 
111. X-RAY ANALYSIS 
During the course of obtaining lattice-matched confining 
layers, as  well  as the active layer on the  substrate,  the divergent- 
beam X-ray setup previously described [5] was used to deter- 
mine the  lattice variation Aa along the  interface normal. 
(006) Bragg reflection and Cu, radiation were employed. 
Because multiple simultaneous reflection is very sensitive to 
three-dimensional lattice  deformation,  the  lattice mismatches, 
Aa, and Aall, in directions normal and parallel to the inter- 
facial boundary, can be simultaneously determined. The 
simultaneous six-beam reflection, (000)(006)(2?2)(2?4)(222) 
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Fig. 2. The (006) reflection images in vicinities of (a) the six-beam  case 
for InP, and four-beam cases for InGaAsP with X&; (b) 0.0105; 
(c) 0.0099; (d) 0.0091; (e) 0.0083; (f) 0.0077; (g> 0.0064 where 
XAa = 0.0007. Cub, lines  are on the  left of CuKa2 lines. 
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I 4.  Measured Aa of the active  layer  for various X h .  The growth of 
the  layers was at  635°C  during 30-90 s. 
For matching  the  lattice  constant  of  the active layer to  that 
of the confining  layer,  the same procedure was taken to  esti- 
mate Aal as a function of X&, keeping Xka constant. As 
shown in Fig. 4, Aa varies almost linearly with X A .  The active 
layer was  grown at 635°C  during  a  time of 30 s. The  thickness 
of the layers obtained is 0.3-0.5 pm. Aall of the active layer 
was not determined  because  the images  of the multiple reflec- 
tions were too faint to be  seen. 
0.010 0.008 0.006 
X1AS 
Fig. 3.  Measured Aal  and Aall of the confining  layers  for various X i , .  
The growth was carried out from 650 to 635°C. 
(?24), for  a  cubic  lattice was chosen for this purpose.  Experi- 
mentally, this six-beam diffraction was obtained  from  the same 
experimental  arrangement  for the (006) reflection, simply by 
rotating  the crystal around  the crystal normal (006) to bring 
I l i O l  to the plane of incidence. These six reciprocal lattice 
points  remain  on the Ewald sphere  and diffract simultaneously. 
Interaction  among  them,  within  the  crystal, gives  rise to varia- 
tion  in  the  (006) reflected intensity [6] . As is known [7] , the 
InGaAsP quaternary alloy has tetragonal  unit cells rather than 
cubic. The  six-beam reflection for  cubic is, then,  decomposed 
into  two four-beam reflections for tetragonal: (000)(006)(2?2) 
(224)  and (000)(006)(~22)(~24). 
Fig. 2  shows the corresponding changes in the images of  the 
(006) diffracted beam.  The six-beam line horizontally dis- 
placed in Fig. 2(a) was split into  two inclined lines [see Fig. 
2(b)-(g)] . Aa,, was determined from these splittings, while 
AaL was obtained as usual [5]. Details of the procedure of 
determining the three-dimensional  lattice  mismatch were  given 
in [SI. The experimentally determined A q  and Aa, for the 
confining layers are given in Fig. 3 as a  function  of As liquidus 
atomic  concentration Xh for  a  constant Ga and P atomic  con- 
centration of X &  = 0.007 and X i  = 0.0042, respectively, in 
the solutions. The layers were grown  from 650  to 635°C) by 
the two-phase  supercooled  technique [2] . 
IV. DEVICE FABRICATION 
After the growth of the complete wafer with quaternary 
confining layers, fabrication of  broad-area  and  stripe-geometry 
devices was carried out. To define the stripe-geometry con- 
tact, SiOz  and  standard  photolithographic  procedure  was  used, 
After this, a skin diffusion, using Za3P2 as source, is performed 
at 530"C, during an interval of 20 min. Following this, the 
wafers are metallized  with  Au/Zn or Cr/Al  on the p-side and, 
after lapping the back  side to a  thickness  of 100  pm,  a metalli- 
zation of the n-side with the Au-Ge-Ni alloy is performed. 
Ohmic contacts are obtained after a sintering at 450°C for 
2 min in  a  hydrogen  atmosphere.  Then, the individual devices 
are cleaved and  tested. 
V. DEVICE PROPERTIES 
A. Confining Factor r and  Carrier  Leakage 
The  addition  of Ga and As in  the  confining layers decreases 
the confining  factor F and increases the carrier leakage  across 
the heterobarriers. Using the values of x and y ,  we find the 
value of 1.30 eV for  the gap energy  of the confining layers [9] . 
Taking 0.93 eV as the energy gap of the quaternary active 
layer (corresponds to 1.33 pm wavelength), we find  an  energy 
gap difference of 0.37 eV, a value which i s  similar to  that of 
Gal-,AlxAs lasers with x = 0.30 [ l l]  . Hence,  the leakage of 
carriers across the heterobarriers should be neghgible up to 
room temperature. Using values of N, = 3.52, NB = 3.20, 
Ne-conf = 3.23 for the active layer, binary, and quaternary 
Confining layers, respectively [lo], and h = 1.3 pm, we can 
carry out theoretical calculations of the confining factor by 
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Fig. 5. Confining factor I' calculated by numerical methods  for binary 
and quaternary DH symmetrical waveguide at 1.3 Fm wavelength. 
The parameters used are described in the text. 
numerical  methods [l 11 . The results are shown  in Fig. 5. As 
we can see, the difference in F values for  the  two cases  is  very 
small, so we loose  very  little by changing the confining layers 
of laser  devices from  binary to  quaternary with x = 0.03 and 
y = 0.08. 
B. Threshold  Current Density versus Active Layer Thickness 
Using this new quaternary confining layer, we fabricated 
laser  devices with active layer thicknesses varying from 800 to 
7500 A. The  buffer layer of  these devices  was doped  with  tin 
at a level  of 2 X 10" ~ m - ~ .  The active layer was undoped  or 
tin-doped  at  a level of 3 X 1017 cmM3, while the  top confining 
layer was Zn-doped at 5 X 10'' ~ m - ~ .  The  minimum  normal- 
ized  threshold  current  density achieved  was 3.4 kA[cm2 * pm- 
which to our knowledge  is the lowest value reported to  date- 
for a  broad-area device with  a 0.72 pm  thick active layer and a 
device length  of 420 pm.  For all the broad-area devices tested, 
the active layer thickness was measured individually using a 
scanning  electron  microscope,  and  the  area was measured by 
an optical microscope  with a standard  reticulum in the ocular. 
Typically, the laser length and width were 400 and 150 p, 
respectively. The results are shown in Fig. 6. Minimum Jth is 
achieved with an active layer of 0.15-0.20 pm thickness. 
C Threshold Current versus Temperature 
Typically, the threshold current as a €unction of heat sink 
temperature  for  a laser  device can be expressed in an  exponen- 
tial form. The threshold current for InGaAsP DH lasers is 
strongly  influenced  by  the  junction  temperature,  and  this 
dependence is generally expressed  by the value df the  param- 
eter To.  
For devices with quaternary confining layers the threshold 
current  has behavior with temperature similar to  that of DH 
lasers with  binary  confining layers, with the value  of To in  the 
range of 50-75°C for temperature variation from room tem- 
perature  up to 60°C. 
In Fig. 7 we show the threshold  current at several tempera- 
tures for a  quaternary  confining layer device (Q-device). The 
external differential quantum efficiency remains constant at 
different temperatures. The results are very similar to  those 
described in [ 121 for devices with binary confining layers 
@-devices). 
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Fig. 6 .  Threshold current density as a function of active layer thickness 
d for &-confining layers devices. The solid line is a curve passing 
through the minimum threshold data points. For al l  lasers tested, the 
active layer thickness was measured individually using a scanning elec- 
tron microscope. 
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Fig. 7. a) Typical dependence of threshold current  on  heat sink tem- 
perature  for Q-devices; b)  plot of the threshold current versus 
temperature. 
D. Wafer YieM 
The  main  advantage in changing from  binary to  quaternary 
confining layers is big improvement in the device yield and 
wafer reproducibility. Attempts to measure the yield of good 
devices  were done in the Q-wafers. Measurements of the pulsed 
threshold current of several nonpreselected broad-area lasers 
were carried out  in six  wafers with different active layer thick- 
nesses. These wafers were grown and processed under con- 
ditions as similar  as  were possible. Our results are shown 
in Fig. 8. We see that, in any given wafer, .Ith maximum is 
typically only 60 percent higher than Jth minimum. To carry 
out a more extensive test, 70 lasers with a stripe-geometry 
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Fig. 9. Distribution curve of number of devices versus threshold cur- 
rent  for 70 nonpreselected devices. The devices  have an  Si02 stripe- 
geometry contact 12 pm wide, a length L between 350 and 420 pm, 
and an active layer thickness d - 0.1 pm. The increase in threshold 
current density due  to stripe  contact is 2.5. 
contact  12 pm wide,  defined  by Si02, were cleaved and  tested 
without preselection. The result is shown in Fig. 9. Careful 
observation  showed that  the  four lasers with  threshold  current 
between 210 and 230 mA had mirror defects. Discounting 
these, we again have I,, maximum about 60 percent higher 
than Ith minimum; it is important to  point out  that some scat- 
ter  here  may be due to  the fact  that  the laser length L varied 
between 350 and 420 pm. The increase in Jth due to  the cur- 
rent  spread in the stripe-geometry  contact  is  by  a  factor  of 2.5. 
VI. CONCLUSION 
Investigations of DH wafers  with  quaternary  confining layers 
(Q-wafers)  were carried out.  It was demonstrated  that Q-wafers 
have better morphology than binary wafers. Consequently,  a 
better  uniformity  in  the device properties  was  obtained  with 
@wafers.  The  three-dimensional lattice mismatches were 
determined  for the Q-confining layers by an X-ray diffraction 
method. 
Devices emitting  at 1.3 pm have been  fabricated  from 
Q-wafers. Low  threshold  currents  and  high yield of good 
devices are consistently obtained. This is attributed  to  the  fact 
that all interfaces have corrugations  of  the  order  of 100 A or 
less. The minimum normalized threshold current density ob- 
tained was 3.4 kA/cm2 - pm. In all wafers tested, the maxi- 
mum threshold current density is at most 60 percent higher 
than Jth minimum. 
In spite of the low values of x and y of the confining top 
layer,  considerable  improvements in the  contact resistance 
were obtained. This may be attributed to an increase in the 
Zn surface concentration, indicating a possible  high solubility 
of  Zn in the InGaAsP alloy. Differential resistance for devices 
around the threshold  current is of the order of 2 A2 for a 10 pm 
wide Si02 stripe. Room temperature CW operation has been 
obtained  with Q-devices. 
Applications of Q-confining layers at the 1.55 p wave- 
length, where dissolution of the active layer during the  growth 
of the top layer is a problem, are under development. It is 
anticipated that with a top quaternary confining layer this 
problem will be resolved without recourse to an additional 
antimeltback layer. 
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CW Operation of GalnAsP Stripe  Lasers 
ALAN G. STEVENTON, ROBERT E. SPILLETT, RICHARD E. HOBBS,  MICHAEL G .  BURT, 
PHILIP JOHN FIDDYMENT, AND JOHN V. COLLINS 
Abstract-A quantitative investigation of the constraints on  dc opera- 
tion of GalnAsP stripe-geometry lasers at room temperature and above 
has been made. Laser pulse threshold current, its temperature sensi- 
tivity, electrical series resistance, and the thermal resistance of the 
bonded device are critical parameters in this respect. Sets of theoretical 
curves have been generated that allow expected dc thresholds to be 
determined from the value of the pulsed threshold. Experimental 
results confirm the accuracy of the expressions. 
For GaInAsP lasers, the low values of To reported in the literature 
(47-80 K) imply that both electrical series resistance and thermal 
resistance must be minimized in order to obtain stable dc operation 
over a reasonable temperature range in conventional oxide or proton 
isolated stripe structures. Both parameters are calculated theoretically 
for a range of structures. 
The calculations show that thermal runaway is sensitive to electrical 
Manuscript received September 30,1980; revised  December 8, 1980. 
The authors are with the British Telecom Research Laboratories, 
Martlesham Heath, Ipswich, IPS 7RE, England. 
resistance in the range 1-10 a; this suggests an area where improve- 
ments are possible. To this end, the use of tunneling Schottky  contacts 
to a ternary InGaAs p-capping layer has been developed to minimize 
contact resistance. 
T 
r. INTRODUCTION 
HE development of 1.3 and 1 S.5 pm lasers to take ad- 
vantage of the low dispersion and low loss in modern 
optical fibers has concentrated on the GaInAsP/InF‘ system. 
Lasers in this system have a high temperature sensitivity of 
their threshold current. This limits the maximum tempera- 
ture for CW operation. This effect could also limit the life of 
a laser, since it would be operating closer to the thermal run- 
away point than would a GaAs laser. Other parameters in- 
fluenced by  thermal behavior are also adversely affected. 
This paper aims at quantitatively investigating the design 
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